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Radial glia cells function as guide cells for neuronal migration and a source of neural progenitor cells, and play a crucial role for the
development of the central nervous system. To date, several signals have been demonstrated to promote the formation of radial glia cells and
Notch signaling is one such signal. However, the mechanism of the signaling hierarchy of radial glia developmental cascade promoted by Notch
signaling still remains incomplete. Here we show that Notch signaling promotes Xenopus radial glia formation and that the Notch activation is
sufficient for radial glia formation prior to neural tube closure. Moreover, we have identified Oct-1 (POU2f1), a POU transcription factor, as a
downstream target of Notch signaling by microarray based screen. We demonstrate that the expression of Oct-1 in the brain is regulated by Notch
signaling and that Oct-1 is sufficient and necessary for radial glia formation. Together, Oct-1 is a downstream effector of Notch signaling during
radial glia formation.
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In the developing central nervous system (CNS), most
neurons and glia are generated from common neuroepithelial
progenitor cells in the ventricular zone (Anderson, 1989;
Lillien, 1997). Radial glia cells are the first glial population that
can be distinguishable from neuroepithelial cells and are
identifiable by morphological and molecular characteristics
shared with neuroepithelial cells and astrocytes (Choi, 1981;
Götz and Barde, 2005; Levitt and Rakic, 1980; Malatesta et al.,
2003; Rakic, 1995). They contain a long basal process that
extends from the cell body in the ventricular zone through the
parenchyma toward the brain surface (Rakic, 1995) and have
endfeet on blood vessels, express glial specific intermediate
filaments, and contain glycogen granules (Choi, 1981; Levitt
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doi:10.1016/j.ydbio.2007.12.013the astrocytic lineage. Radial glia cells are present from early
stages of neural tube formation (Anthony et al., 2004; Hartfuss
et al., 2001) and persist only in the developing CNS (Culican et
al., 1990; Voigt, 1989). Similarly Xenopus radial glia cells are
morphologically identical to mammalian radial glia cells and
Xenopus homologues of mammalian radial glia marker genes,
such as vimentin and glial fibrillary acidic protein (GFAP), are
also expressed in Xenopus radial glia cells (Dent et al., 1989;
Messenger and Warner, 1989). While Xenopus radial glia cells
are initially detected during the period of neural tube formation,
they persist throughout life (Dent et al., 1989; Gervasi et al.,
2000; Messenger and Warner, 1989).
Radial glia cells are known to play two roles: guide neuronal
migration (Hatten and Mason, 1990; Rakic, 1972) and serve as
progenitor cells in the developing CNS (Malatesta et al., 2000;
Miyata et al., 2001; Noctor et al., 2001, 2002; Tamaki et al.,
2002). Abnormalities in radial glia cells have been implicated in
several distinct human syndromes in which patients often
present with epilepsy and mental retardation (McManus and
Golden, 2005). For instance, in Presenilin-1-deficient mice
which develop a cortical dysplasia resembling human type 2
lissencephaly, a migration defect of neurons coincides with a
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2005). Furthermore, a recent study suggested that radial glia are
candidate stem cells of ependymoma, a type of glioma (Taylor
et al., 2005). Therefore, the molecular characterization of radial
glia development is important for understanding the mechanism
of normal neural development as well as a number of
neuropathological disorders.
The Notch signaling pathway is well conserved across
species and widely utilized to determine cell fates during both
vertebrate and invertebrate development (Lai, 2004; Mumm and
Kopan, 2000). Upon Delta/Serrate/Lag-2 (DSL) ligand binding,
the intracellular domain of Notch receptor (NICD) is released
from the membrane by two sequential proteolytic cleavages.
NICD translocates into the nucleus and forms a complex with
nuclear proteins such as C-promoter binding factor 1/Suppres-
sor of Hairless/Lag-1 (CSL) transcription factor to activate the
transcription of target genes. In the developing CNS, Notch
signaling regulates the specification and the differentiation of
radial glia through two distinct intracellular mechanisms, CSL-
dependent and -independent pathways (Dang et al., 2006;
Eiraku et al., 2005; Gaiano et al., 2000; Patten et al., 2003,
2006; Schmid et al., 2003). However, little is known about the
downstream targets of Notch signaling in radial glia formation.
To date, only a few genes, Hes1/5 transcription factors (direct
target genes of Notch signaling), ErbB2 (the receptor of
neuregulin) and brain lipid-binding protein (BLBP, a member of
hydrophobic ligand-binding proteins), have been reported
(Anthony et al., 2005; Hatakeyama et al., 2004; Patten et al.,
2003; Schmid et al., 2003). The identification of additional
downstream targets of Notch signaling in radial glia formation
will contribute to understanding the mechanism of radial glia
formation.
Here we show that Delta–Notch signaling is involved in
Xenopus radial glia formation. Interestingly, Suppressor of
Hairless is sufficient but not required for radial glia formation.
We have also identified Oct-1 (POU2f1), a POU transcription
factor, as a downstream target of Notch signaling from our
microarray analysis and demonstrate that Oct-1 is sufficient and
necessary for radial glia formation. Our results provide that
Notch signaling promotes radial glia formation and that Oct-1
regulates radial glia formation downstream of Notch signaling
during Xenopus embryogenesis.
Materials and methods
Embryo manipulations
Eggs were artificially fertilized by using testis homogenate and cultivated in
0.1× Marc's Modified Ringer's solution (MMR) (Peng, 1991). Embryos were
staged according to Nieuwkoop and Faber (1994).
DNA constructs
pCS2+GRXNotchICD (GR-NICD in text), pCS2+NICD, pCS2+X-Delta-1
(XDelta1 in text), pCS2+dnXDelta1 (dn-Delta in text), pCS2+NΔICD (dn-
Notch in text), pCS2+GRSu(H)VP16 [at-GRSu(H) in text], pCS2+GRSu(H)DBM
[dn-GRSu(H) in text] and pBluescriptKSXHey-1 have been described previously
(Chitnis et al., 1995; Kiyota and Kinoshita, 2002, 2004; Rones et al., 2000,
2002). pDH105 Xenopus Oct-1 was provided by Dr. Taira and other genes inTable 2 were gifts from National Institute of Basic Biology (NIBB) or purchased
from Open Biosystems. To produce the Oct1-GR construct, cDNA of human
glucocorticoid receptor ligand binding domain was subcloned into pCS2+
(pCS2+GR) (Turner and Weintraub, 1994), then the coding region of Oct-1
cDNA was subcloned into pCS2+GR. To create pCS2+HAOct1-GRΔATG
construct (Oct1-GRΔATG in text), the first four amino acids of Oct-1 was
replaced to HA-epitope-tag and subcloned into pCS2+GR. The EcoRI/HindIII
fragment of vimentin1 (IMAGE ID: 4888155, Open Biosystems) was subcloned
into pBluescriptKS+ (Stratagene).
Microinjection of synthetic RNA and Morpholino Oligonucleotides
Capped synthetic mRNAs were generated by in vitro transcription with SP6
polymerase, using the mMessage mMachine kit (Ambion, Inc.). Antisense
Morpholino Oligonucleotides (MO) were designed and produced by Gene
Tools, LLC. Oct1MO was designed to target the following sequences: 5′-
TGCAATTTCATGGTGTATTAAGACG-3′. The control MO (ConMO) has the
following sequences: 5′-CCTCTTACCTCAGTTACAATTTATA-3′. For micro-
injections, embryos were injected with 5–10 nl of the specified amount of RNA
and/or MO. For the activation of GR-fused protein, dexamethasone (DEX: final
concentration 10 μM) was added to the medium. DEX was added at stage 18
except where indicated in the figures.
β-Galactosidase staining and whole-mount in situ hybridization
β-Galactosidase staining was performed with the RedGal substrate
(Research Organics). After staining, whole-mount in situ hybridization was
performed essentially as described previously (Harland, 1991) using Digox-
igenin (DIG, Roche Applied Science)-labeled antisense RNA probes and BM
purple (Roche Diagnostics). Following chromogenic reaction, pigmented
embryos were bleached with 10% H2O2 in methanol for several days. After
whole-mount in situ hybridization, embryos were refixed in 4% paraformalde-
hyde overnight at 4 °C and embedded in 3% agarose. One hundred micrometer
sections were prepared on a microtome.
Tissue explant assay and real-time RT-PCR analysis
NICD RNA (1 ng) was injected into each blastomere of two-cell stage
embryos, and animal pole tissue explants were excised at the blastula stage
(stage 8) and cultured in 0.5× MMR containing 50 μg/ml gentamicin until
sibling embryos reached the desired stage. Total RNA was isolated from 10
uninjected or NICD-injected animal pole tissue explants by the method with
200 μg/ml Proteinase K described previously (Hilz et al., 1975). Reverse
transcriptase reaction (RT) for the synthesis of cDNA was performed with
Superscript II (Invitrogen) according to manufacturer's instructions. Specimens
were analyzed for gene expression levels using the QuantiTect™ SYBR Green
PCR kit (Qiagen) and Multicolor Real-Time PCR Detection System (iCycler iQ;
BIO-RAD). The primers used in this paper are described in Table 1. Xenopus
Ornithine decarboxylase (ODC) gene was used for the normalization of
samples.
Immunostaining
RNA orMOwas co-injected with green fluorescent protein (GFP) RNA (gift
from Drs. Chang and Habas) into one dorsal-animal blastomere of Xenopus
embryos at 8-cell stage and embryos, in whose hindbrain GFP was observed,
were used for further analysis. Brains isolated from Xenopus embryos were
fixed with 2% paraformaldehyde in PBS (pH 7.4) for 15 min on ice. After
rinsing with PBS several times, they were immersed in 30% sucrose in PBS,
embedded in Tissue Freezing Medium (Triangle Biomedical Sciences, Inc.) and
sectioned to a 16 μm in thickness on a cryostat at −19 °C. The cryosections were
blocked in PBS with 5% goat serum and 0.3% Triton X-100 for 1 h. After
incubation with anti-vimentin antibody [14h7, The Developmental Studies
Hybridoma Bank (DSHB), the University of Iowa] and Xenopus intermediate
filament protein 3 (XIF3) polyclonal antibody (gift from Dr. Szaro) (Gervasi et
al., 2000) or GFAP polyclonal antibody (DAKO) (Yoshida and Colman, 2000)
overnight at 4 °C, and the sections were washed three times in PBS with 0.3%
Table 1
Primers for RT-qPCR
Gene (UniGene number) Upstream Downstream
ESR-7 (Xl.586) 5′-GGTAGAAGCAGTCTTTGGAG-3′ 5′-AGCCAGTTTAACCTTGGGTG-3′
XFDL 141 (Xl.47185) 5′-GAATGTGGGGAAAGCTGAAA-3′ 5′-CAAGACGAGCCATATCTGA-3′
Zinc finger protein 84 (Xl.18598) 5′-CAAACCCTTTGTCTGCGAAT-3′ 5′-TGCATGTGGAACGTCAGATT-3′
pintallavis (Xl.441) 5′-ACAAACCAGGGGAGGAGACT-3′ 5′-GGCCAAGATAGCCGTCATTA-3′
ESR-2 (Xl.12067) 5′-ACCAATGGTGGAGAAGATGC-3′ 5′-TGCGATCTGTTGCTTGAGG-3′
Fkh-5 (Xl.403) 5′-TAAGCAGCCAGGCATTAGC-3′ 5′-AGCAAAGGAGCGACTTTCAG-3′
XER81 (Xl.19985) 5′-AGCTCTCTGAACCGTGCAAT-3′ 5′-GTGGTTGAGGGTAGGCTTGA-3′
Zinc finger protein 147 (Xl.5350) 5′-ATTCACCCAGCCCTTGTC-3′ 5′-TCCCACCTGTGAGAAATTCA-3′
kruppel-like zinc finger protein (Xl.5053) 5′-TGTGCAGAAGTGGGAGAAG-3′ 5′-GGGGAAACTCCATTCTGTGA-3′
XlHbox1 (Xl.1209) 5′-CGGCAGATCAAAATCTGTT-3′ 5′-AGGAAGCCTTAGTGGGGTGT-3′
Distal-less homologue (Xl.262) 5′-GGCAATAATCCCTCGAAAT-3′ 5′-CACATCATTTGCACTTTG3′
Oct-1 (Xl.1265) 5′-CTGGAGGGACCCCTAACATT-3′ 5′-AGTGCGTTCTGGATGGAATC-3′
RACK17 homologue (Olig2) (Xl.15193) 5′-TTGCCAGTATCTGCCACAAC-3′ 5′-ACTCAAGGAGCCAGACGAAA-3′
TGFβ-induced factor (Xl.13812) 5′-CAAAGCCGTACATTCCCACT-3′ 5′-TTGTCCAGCGTTCAACACAT-3′
Hbox10 (Xl.6573) 5′-CCAAGGAAACCCTCTCTTC-3′ 5′-GAGCCAGGGACCACAGATAA-3′
Hoxa2 (Xl.751) 5′-TGTGAGAAGGGAGAGGAGGA-3′ 5′-TGGGAATCTCCATTGTGTGA-3′
Sox9 (Xl.1690) 5′-TGCCGTTTCTCCTTTCTGTT-3′ 5′-TTAGCACCGAGGTGGTTTTT-3′
Oct-25 (Xl.4957) 5′-GTCGCCCTGTTGGACACTAT-3′ 5′-GGTGATGGAAGCTGAAGAGC-3′
XE2 (Xl.34768) 5′-GGTCAACTCCCAGAATCCTT-3′ 5′-AAGGCCTCTTCATTCCCTAC-3′
Makorin 1 homologue (Xl.16831) 5′-GCCATGATCTGCCGATATT-3′ 5′-GTTAATGTTGCCGCTTGGTT-3′
midline 1 homologue (Xl.13388) 5′-ATGATCCCGTGTTGAAGGAG-3′ 5′-CATGTGAGGGCAGGTTAAT-3′
lim5Lhx5 (Xl.1047) 5′-CTGCCACCCCATTAAAACCT-3′ 5′-GCTGGTCCCGTGTTTTCTTA3′
six6-A (Xl.21925) 5′-CGATGCCTCAATTGCCTACT-3′ 5′-ATAGTCACCTGCGCACATAC-3′
vimentin1 (Xl.127) 5′-GGAGACAAGAGATGGACA-3′ 5′-CTAGACAGAAGGAAGCTC-3′
ODC (Xl.4223) 5′-ACATGGCATTCTCCCTGAAG-3′ 5′-TGGTCCCAAGGCTAAAGTTG-3′
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fragment of goat anti-mouse IgG and FITC-labeled F(ab)2 fragment of goat anti-
rabbit IgG (Jackson ImmunoResearch Laboratories, Inc.) for an additional 1 h,
the sections were washed three times in PBS for 10 min each time. The sections
were observed by a Leica confocal laser microscope. For statistic analysis, data
were obtained from 12 sections (3 samples each from 4 animals) per each
injection experiment. To compare the means of the ratio of radial processes, one-
way ANOVA (analysis of variance) was used for statistic analysis and the
Newman–Keuls test was followed.
Immunoblotting
Immunoblotting was performed with anti-Oct-1 antibody (C-21), anti-GR
antibody (P-20), or anti-α-tubulin antibody (H-300) (Santa Cruz Biotechnology,
Inc.) as a primary antibody and goat anti-rabbit IgG (H+L) (Jackson
ImmunoResearch Inc.) as a secondary antibody. Embryo lysate was extracted
from 10 embryos for each experiment in 200 μl of 10 mM sodium phosphate pH
7.5, 135 mM KCl, 0.1% Triton X-100, 1 mM DTT, 1 mg/ml Leupeptin, 0.1 mM
PMSF, and 5 mM MgCl2.
Microarray analysis
The Affymetrix GeneChip® Xenopus laevis Genome Array (cat number
900491) was used for our screen. Six samples were prepared on separate days
from RNA isolated from 100 tissue explants to compare two NICD-injected
samples to four uninjected samples. RNA was isolated by the method with
RNAzol (Teltest Inc.) described previously (Chomczynski and Sacchi, 1987).
Antisense amplified probes were prepared using MessageAmp™ II aRNA
Amplification Kit (Ambion, Inc.) and labeled during transcription with biotin-
11-CTP and biotin-16-UTP (Enzo Life Sciences) starting with 1 μg of total
RNA. RNA was fragmented using RNA Fragmentation Reagents (Ambion,
Inc.). Fifteen micrograms of antisense amplified RNA was hybridized and
scanned by the University of Florida Interdisciplinary Center for Biotechnology
Research (UF ICBR) microarray core facility. Analysis was performed using
MAS 5.0 and further analyzed using Probe Profiler™ (Corimbia, Inc.). The
results were clustered using K-means and Pearson correlation.Results
Expression of Delta, Notch, and vimentin overlaps in Xenopus
hindbrain
Notch signaling in Xenopus has not been previously shown
to be involved in radial glia development, though this signaling
pathway promotes radial glia formation in mammals (Gaiano et
al., 2000). To determine the possible role of X-Notch-1 and X-
Delta-1 in Xenopus radial glia formation, we examined the
expression profiles of X-Delta-1, X-Notch-1 and the radial glial
marker, vimentin, at different developmental stages by whole-
mount in situ hybridization. Vimentin is an intermediate
filament protein and is expressed in Xenopus radial glia cells
(Dent et al., 1989). Previous work reported that X-Notch-1 is
maternally expressed and X-Delta-1 is expressed in the
ventrolateral mesoderm at the early gastrula stage (Coffman et
al., 1990; Ma et al., 1996). At late neurula stage (st. 17), X-
Delta-1 and X-Notch-1 were expressed broadly in the central
nervous system (CNS) (Figs. 1A, D). Vimentin was also
expressed in two stripes on both sides of midline in the CNS
(Fig. 1G). In sections of these stage 17 embryos, the expression
of both X-Delta-1 and X-Notch-1 overlapped with that of
vimentin at the level of prospective hindbrain (Figs. 1A′, D′, G′).
At early tailbud stage (st. 25), strong expression of both X-
Delta-1 and X-Notch-1 was found in the brain and eyes (Figs.
1B, E). Vimentin continued to be expressed broadly in the CNS
(Fig. 1H). At the level of hindbrain, the expression of these three
genes overlapped (Figs. 1B′, E′, H′). At late tailbud stages (st.
30), the expression patterns of these genes were very similar,
especially in the brain region (Figs. 1C, F, I). At the level of
Fig. 1. X-Notch-1 overlaps the radial glia marker vimentin in Xenopus hindbrain. A–I: the expression of X-Delta-1 (A–C), X-Notch-1 (D–F) and vimentin (G–I) in
embryos is shown. All panels are dorsal views, anterior toward left. A, D, G: stage 17, late neurula. B, E, H: stage 25, early tailbud. C, F, I: stage30, tailbud. A′–I′:
transversal sections cut at the level of prospective hindbrain or hindbrain in panels A–I, respectively. a: anterior, p: posterior, e: eye, hb: hindbrain.
582 T. Kiyota et al. / Developmental Biology 315 (2008) 579–592hindbrain, their expression continued to overlap (Figs. 1C′, F′, I′).
Notably, at all stages examined, expression of both X-Notch-1
and X-Delta-1 consistently overlaps with the radial glial
marker vimentin. These results suggest Notch signaling as a
candidate for the regulation of radial glia formation in Xenopus
embryos.
Activation of Notch signaling is sufficient for radial glia
formation prior to neural tube closure
To examine the temporal sufficiency for the Notch activation
during the regulation of radial glia formation during Xenopus
embryogenesis, we prepared a hormone-inducible form of
NICD (GR-NICD) which fuses the human glucocorticoid
receptor ligand binding domain (GR) to NICD and can be
activated by the addition of dexamethasone (DEX) (Kolm and
Sive, 1995). This construct allows the activity of NICD to be
controlled temporally (Rones et al., 2000). To determine
whether the Notch activation is temporally sufficient for radial
glia formation, in vitro synthesized RNA encoding GR-NICD
was injected into one dorsal-animal blastomere of 8-cell stage
embryos, which was fated to differentiate into the brain
(Nakamura and Yamada, 1971), and DEX was added at several
different developmental stages. Embryos injected with GR-
NICD RNAwere cultured until tadpole stage (st. 42), and brains
were isolated manually and fixed. Cryosections were prepared
and examined by immunostaining with anti-vimentin antibody,
and the number of radial processes in the hindbrain was
evaluated. We focused on radial glia in the hindbrain at stage 42
(Fig. 2A) as they were well-characterized in a previous study
(Yoshida and Colman, 2000). As the cell body of each radial
glia cell has one radial process (Noctor et al., 2002), all vimentin
positive radial processes were counted on both the injected and
uninjected control half of the hindbrain for each brain section
imaged by confocal microscopy. We limited the analysis to
radial processes in the image which could be traced from the
ventricular zone (the upper side in Fig. 2B) to the brain surface
(the lower side of Fig. 2B) while processes which could not becompletely traced were excluded. To quantitatively compare
different treatments, we determined the ratio of radial processes
(RPratio) which is defined as the average ratio of fully traced
radial processes on the injected side divided by the number of
fully traced processes observed on the uninjected side of the
brain. Each value represents the average of 12 independent
measurements (3 sections each from 4 animals). Fig. 2C shows
the hindbrain of GR-NICD-injected embryos with DEX
treatment at stage 18 at high magnification. It can be seen that
the number of radial processes was increased by GR-NICD in
comparison with the uninjected side. As shown in Fig. 2E,
overexpression of GR-NICD could increase the ratio of radial
processes when embryos were treated with DEX prior to stage
18, during the period of neural tube formation. In contrast, the
activation of Notch signaling following neural tube closure at
stage 20 was unable to affect the ratio of radial processes. As
controls, the addition of DEX alone did not affect radial glia
formation in the uninjected hindbrain (data not shown) and the
protein levels of GR-NICD at each stage in Fig. 2E were
confirmed by immunoblotting with anti-GR antibody (Fig. 2F).
These data reveal that the activation of Notch is sufficient for
radial glia formation during neural tube formation and prior to
neural tube closure and coincides with the period of Xenopus
radial glia cell fate determination as reported previously (Dent et
al., 1989; Messenger and Warner, 1989).
Function of Notch signaling for the formation of radial glia
cells is conserved in Xenopus
To determine the requirement of Notch signaling for radial
glia formation, loss-of-function studies of Notch signaling were
performed with dominant-negative forms of the X-Delta-1
ligand (dn-Delta) and the X-Notch-1 receptor (dn-Notch),
which are the intracellular deleted forms of X-Delta-1 and X-
Notch-1 (Chitnis et al., 1995; Kiyota and Kinoshita, 2002). dn-
Delta or dn-Notch RNA was injected into one dorsal-animal
blastomere of 8-cell stage embryos and the number of radial
processes in the hindbrain was counted for each sample. The
Fig. 2. Notch signaling promotes radial glia formation prior to stage 18. A: nucβ-Gal (nuclear β-Galactosidase, 50 pg)-injected stage 42 Xenopus hindbrain stained by
anti-vimentin antibody. All of the high magnification images presented the following figures are derived from the origin indicated by the white boxes. The average
number of radial processes in the half brain was 22±5 (n=48). Scale bar: 100 μm. B: high magnification images of the hindbrain indicated in panel A. Arrow heads
indicate a radial process, which can be traced from the ventricular zone to the brain surface. C, D: high magnification images of the injected and uninjected side of the
hindbrain stained by anti-vimentin antibody in 1 ng GR-NICD-injected embryo with DEX (C) or without DEX (D). Scale bar: 25 μm. E: RPratio between the injected
and uninjected side of the same hindbrain. Gray bars or white bars indicate with DEX treatment or without DEX treatment, respectively. The numbers of X-axis
indicate the developmental stages when DEX was added. *Pb0.001 compared with the ratio of GR-NICD-injected embryos without DEX. F: the expression of GR-
NICD proteins without DEX at stages 18, 20 and 22. The level of α-tubulin protein was used for the normalization of samples.
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reduced the number of radial processes in the injected side of
the hindbrain (compare the injected and uninjected side in Figs.
3A, B, B′) and RPratio for dn-Delta or dn-Notch-injected
embryos was 0.67 (Pb0.001) or 0.64 (Pb0.001), respectively
(Fig. 3E). As shown in Fig. 3E, a 36% reduction in radial
processes is observed when dn-Notch is expressed while a 33%
reduction in radial processes is observed following dn-Delta
expression. Importantly, a comparison of the injected versus
uninjected side in Figs. 3A and B (B′) suggests a significantly
greater effect of these constructs on radial process formation.
This is due to a non-homogeneous level of expression of the
injected RNA within the hindbrain which leads to an under-
estimation of the effect on radial process formation when the
entire hindbrain region is used to calculate the ratio of radial
processes. As the obtained values are statistically significant,
the inclusion of the entire hindbrain region avoided the
difficulties which might arise in a subjective selection of any
sub-region of the brain for further analysis. Rescue of the loss-
of-function phenotypes was performed to both examine the
specificity as well as to further assess the temporal requirements
for Notch activity in radial glia formation. In these experiments,
the amounts of inhibiting and activating reagents are balancedto restore the number of radial processes to wild type levels as
determined by the RPratio. The activation of Notch signaling at
the ligand level by XDelta1 rescued the reduction of radial
process numbers and restored wild type levels for dn-Delta
(compare the injected and uninjected side in Fig. 3C, RPratio=
1.04, Pb0.001). Rescue for dn-Notch could also be effected by
the activation of downstream of Notch receptor by GR-NICD
(compare the injected and uninjected side in Fig. 3D, RPratio=
1.10, Pb0.001). Importantly, rescue required the activation of
Notch at stage 18, prior to the appearance of radial glia cells
during Xenopus embryogenesis (Dent et al., 1989; Messenger
and Warner, 1989). Together, these results support the idea of
the functional conservation of Notch signaling for radial glia
formation between Xenopus and mammals and that Notch
activation is temporally required for radial glia formation prior
to neural tube closure.
CSL is sufficient but not required for radial glia formation
We next asked whether the transcription factor, Su(H), an
effector of Notch signaling, is involved in radial glia formation.
Synthetic RNA of a hormone-inducible activated or dominant-
negative form of Su(H), at-GRSu(H) or dn-GRSu(H) (Rones et
Fig. 3. Notch signaling is required for radial glia formation. A–D: high magnification images of the injected and uninjected side of the hindbrain in 300 pg dn-Delta-
injected (A: vimentin and XIF3), 3 ng dn-Notch-injected (B: vimentin and XIF3, B′: vimentin and GFAP), dn-Delta/1 ng XDelta1-injected (C: vimentin) and dn-
Notch/GR-NICD-injected (D: vimentin) embryos. Scale bar: 25 μm. E: RPratio between the injected and uninjected side of the hindbrain for each injection experiment.
*Pb0.001 compared with the ratio of nucβ-Gal-injected embryos. **Pb0.001.
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cell stage embryos. Embryos were treated with DEX at stage 18
and the ratio of radial processes in the hindbrain was determined
as described above. The number of radial processes was
increased in the at-GRSu(H)-injected side of the hindbrain
when compared with the uninjected side (RPratio = 1.44,
Pb0.001) (Figs. 4A, E). Importantly, overexpression of dn-
GRSu(H) did not affect the number of radial processes
(compare the injected and uninjected panels in Fig. 4B). As a
demonstration of dn-GRSu(H) activity, the expression of XHey-
1, which is a target gene for Notch signaling, was down-
regulated in dn-GRSu(H)-injected side of embryo at stage 34
(Fig. 4F) as reported previously (Rones et al., 2002). These data
indicate that Su(H) function is sufficient but not required for
radial glia formation. In order to test whether the increase of
radial process number by NICD is reduced by a dominant-
negative form of Su(H), we co-injected GR-NICD and dn-
GRSu(H) RNA into one dorsal-animal blastomere of 8-cell
stage embryos followed by DEX treatment at stage 18. The ratioof radial process number in the hindbrain was examined as
described above (Figs. 4C, D). The increase of radial process
number by GR-NICD overexpression was largely unaffected by
co-injection with dn-GRSu(H) (compare the ratio for GR-NICD
itself [RPratio=1.49, Pb0.001] and co-injection of GR-NICD
and dn-GRSu(H) [RPratio=1.35, Pb0.001] in Fig. 4E). These
data indicate that Su(H) is sufficient but not required for radial
glia formation and an alternative intracellular pathway of Notch
signal is possibly involved in radial glia formation.
Identification of the downstream targets of Notch signaling
required for radial glia formation
Since Hes1/5 (Hatakeyama et al., 2004), ErbB2 (Patten et al.,
2003; Schmid et al., 2003) and BLBP (Anthony et al., 2005) are
the only currently known downstream target genes of Notch
signaling during radial glia formation, we sought to identify
additional Notch signaling targets using a microarray based
screen. Microarray analysis was performed comparing gene
Fig. 4. Su(H) is sufficient but not required for radial glia formation. A–D: high magnification images of the injected and uninjected side of the hindbrain stained by
anti-vimentin antibody in 250 pg at-GRSu(H)-injected (A), 500 pg dn-GRSu(H)-injected (B), GR-NICD-injected (C) and GR-NICD/dn-GRSu(H)-injected (D)
embryos. Scale bar: 25 μm. E: RPratio between the injected and uninjected side of the hindbrain for each injection experiment. Gray bars or white bars indicate with or
without DEX, respectively. *Pb0.001 compared with the ratio of each injection experiment without DEX. F: Whole-mount in situ hybridization analysis of XHey-1
expression in dn-GRSu(H)-injected embryos at stage 34 (n=24/25). The injected side in each embryo is indicated by nucβ-Gal staining (red color).
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tissue explants. The Affymetrix GeneChip™ array was used in
our screen. Total RNA from 100 uninjected or NICD-injected
animal pole tissue explants was isolated at stage 18 when the
activity of Notch was sufficient for radial glia formation (Fig. 2)
and used to generate biotin labeled probes. The probes were
hybridized and scanned onto a total of six arrays (four
uninjected and two NICD-injected). Genes showing expression
differences of at least 2 fold or more were selected for further
analysis. We identified 802 genes that were up-regulated (N2,
Pb0.05) by NICD overexpression (see Supplementary Mate-
rial, data available from Gene Expression Omnibus http://www.
ncbi.nlm.nih.gov/geo/, accession number GSE5564). We initi-
ally focused on the up-regulated genes, in particular which were
categorized by KOG (Eukaryotic Orthologous Groups of
proteins) classification (Tatusov et al., 2003) as transcription
factors and were not known to be involved in vertebrate radial
glia formation (Table 2). To independently confirm the NICD-
dependent increase in gene expression, we examined whetherthe selected genes are up-regulated by NICD with quantitative
RT-PCR (RT-qPCR). Thus far, we confirmed up-regulation of
18 out of 23 genes (Table 2) and 12 full-length clones were
obtained from public sources (the IMAGE consortium and the
National Bio Resource Project Xenopus cDNA library). To
identify potential radial glia inducers, we determined whether
the expression of vimentin was up-regulated by each factor in
tissue explant assays as NICD overexpression is able to up-
regulate the expression of vimentin in our screen and RT-qPCR
experiments. As a result, Oct-1, a POU domain transcription
factor, was identified as a candidate, which promotes radial glia
formation downstream of Notch signaling (Table 2).
Notch signaling regulates the expression of Oct-1 in Xenopus
hindbrain
The POU domain transcription factor Oct-1 (POU2F1;
Octamer transcription factor-1) is widely expressed in embryo-
nic tissues including the nervous system throughout mouse
Table 2
Set of genes up-regulated by NICD in microarray analysis
Gene (UniGene number) Predicted protein Induction fold by
NICD (RT-qPCR)
Vimentin induction
fold (RT-qPCR)
ESR-7 (Xl.586) helix–loop–helix transcription factor 278.7 1.1
XFDL 141 (Xl.47185) C2H2 zinc finger protein 179.6 1.2
Zinc finger protein 84 (Xl.18598) C2H2 zinc finger protein 136.23 1.7
pintallavis (Xl.441) forkhead transcription factor 54.0 0.5
ESR-2 (Xl.12067) helix–loop–helix transcription factor 38.9 N/A
Fkh-5 (Xl.403) forkhead-domain-containing protein 39.5 1.3
XER81 (Xl.19985) ets-related transcription factor 26.7 1.3
Zinc finger protein 147 (Xl.5350) Zinc and RING domain protein 17.9 1.5
kruppel-like zinc finger protein (Xl.5053) C2H2 zinc finger protein 11.6 N/A
XlHbox1 (Xl.1209) homeodomain protein 14.7 N/A
Distal-less homologue (Xl.262) homeodomain protein 8.3 N/A
Oct-1 (Xl.1265) POU transcription factor family 5.5 3.6
Hesr-1 (Xl.469) helix–loop–helix transcription factor 4.3 N/A
RACK17 homologue (Olig2) (Xl.15193) helix–loop–helix transcription factor 4.0 1.5
Hbox10 (Xl.6573) homeodomain protein 3.8 N/A
Hoxa2 (Xl.751) homeodomain protein 3.7 0.3
Sox9 (Xl.1690) SRY domain protein 2.5 0.5
Oct-25 (Xl.4957) POU transcription factor family 2.4 0.8
XE2 (Xl.34768) helix–loop–helix transcription factor 1.7 N/A
Makorin 1 homologue (Xl.16831) Zinc and RING domain protein 1.4 N/A
midline 1 homologue (Xl.13388) helix–loop–helix transcription factor 1.2 N/A
lim5Lhx5 (Xl.1047) LIM class homeodomain protein 1.2 N/A
six6-A (Xl.21925) homeodomain protein 1.0 N/A
Notch Intracellular Domain [NICD] N/A 17.1
586 T. Kiyota et al. / Developmental Biology 315 (2008) 579–592embryogenesis and has been proposed to regulate a large
group of target genes (Gray et al., 2004; Ryan and Rosenfeld,
1997). During early Xenopus embryogenesis, Oct-1 is
expressed in ectodermal and mesodermal cell lineages
(Veenstra et al., 1995). To investigate the possible role of
Oct-1 in Xenopus radial glia formation, the expression pattern
of Oct-1 at later stages was examined. Oct-1 was expressed in
the neural plate at late neurula stage (st. 17, Figs. 5A, A′). At
early tailbud stage (st. 25), Oct-1 continued to be expressed inFig. 5. Notch signaling regulates the expression of Oct-1. A–C: the expression profile
stage 17, late neurula. B: stage 25, early tailbud. C: stage 30, tailbud. A′–C′: transver
respectively. a: anterior, p: posterior, e: eye, hb: hindbrain. D–M: whole-mount in s
NICD-injected (E: n=33/45) and at-GRSu(H)-injected (L: n=26/26) side of the brain
dn-GRSu(H)-injected (M: n=32/32) side of the brain. The activation of Notch at stage
expression was increased or reduced by GR-NICD activated at stage 18 (G: n=36
increased by GR-NICD (H: n=32/39) and Oct1-GR (I: n=34/40) activated at stage 18
The Oct-1 expression is not changed by injection of nucβ-Gal (D: n=47/47).the neural tube and started to be expressed in the eyes (Figs. 5B,
B′). At late tailbud stages (st. 30), Oct-1 was expressed broadly
in the CNS (Figs. 5C, C′). The expression profile of Oct-1 was
very similar to that of X-Notch-1, X-Delta-1 and vimentin in the
hindbrain region (Figs. 5A′, B′, C′), suggesting Oct-1 may be
required for radial glia formation downstream of Notch
signaling.
To determine whether Oct-1 was regulated by Notch
signaling in vivo as had been shown in animal pole tissueof Oct-1 in Xenopus embryo. All panels are dorsal views, anterior toward left. A:
sal sections cut at the level of prospective hindbrain or hindbrain in panels A–C,
itu hybridization analysis at stage 25. Oct-1 expression is expanded in the GR-
indicated by a brace and reduced in the dn-Notch-injected (J: n=17/30) but not
20 did not expand the Oct-1 expression (F: n=30/30). On the hand, the XHey-1
/40) or dn-Notch (K: n=30/42), respectively. The expression of vimentin was
. The injected side in each embryo is indicated by nucβ-Gal staining (red color).
Fig. 6. The activation of Oct-1 is required for promoting radial glia formation prior to stage 18. A: high magnification images of the injected side and uninjected side of
the hindbrain stained by anti-vimentin antibody in 20 pg Oct1-GR-injected embryo with DEX. Scale bar: 25 μm. B: RPratio between the injected and uninjected side of
the same hindbrain. The numbers of X-axis indicate the developmental stages when DEX was added. *Pb0.001 compared with the ratio of Oct1-GR-injected embryos
without DEX. C: the expression of Oct1-GR proteins without DEX at stages 18, 20 and 22. The level of α-tubulin protein was used for the normalization of samples.
D–F: high magnification images of the injected and uninjected side of the hindbrain in 40 ng Oct1MO-injected (D: vimentin and XIF3, D′: vimentin and GFAP),
Oct1MO/20 pg Oct1-GRΔATG-injected (E: vimentin) and 40 ng ConMO-injected (F: vimentin) embryos. Scale bar: 25 μm. G: RPratio between the injected and
uninjected side of the hindbrain for each injection experiment. *Pb0.001 compared with the ratio of ConMO-injected embryos. **Pb0.001 compared with the ratio of
Oct-1MO-injected embryos. H: reduction of endogenous Oct-1 protein by Morpholino Oligonucleotides. The level of α-tubulin protein was used for the normalization
of samples.
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NICD, dn-Notch, at-GRSu(H) or dn-GRSu(H) was injected into
one dorsal-animal blastomere of 8-cell stage embryos and the
expression of Oct-1 was examined at stage 25 by whole-mount
in situ hybridization. Overexpression of GR-NICD or at-GRSu
(H) with DEX treatment at stage 18 expanded the expression
region of Oct-1 in the hindbrain (Figs. 5E, L). In contrast, the
expression of Oct-1 was reduced by dn-NICD injection
(indicated by arrow heads in Fig. 5J) but not dn-GRSu(H)
injection with DEX treatment at stage 18 (Fig. 5M). As
expected, the XHey-1 expression at stage 25 was increased by
GR-NICD (indicated by arrow heads in Fig. 5G) and inhibited
by dn-Notch (indicated by arrow heads in Fig. 5K) and dn-
GRSu(H) (data not shown). In addition, the expression of Oct-1
is not expanded by GR-NICD when DEX was added at stage 20
(Fig. 5F). These results suggest that the expression of Oct-1 in
Xenopus hindbrain is regulated by Notch signaling until neural
tube closure and Su(H) is sufficient but not necessary for the
Oct-1 expression in the hindbrain.
Oct-1 is required for radial glia formation in Xenopus
hindbrain
We next examined whether Oct-1 could promote radial glia
formation in Xenopus hindbrain. Synthetic RNA of a hormone-
inducible Oct-1 (Oct1-GR) was injected into one dorsal-animal
blastomere of 8-cell stage embryos and DEX was added at
several different developmental stages. Injected embryos were
cultured until tadpole stage (st. 42), and brains were isolatedFig. 7. Oct-1 is a downstream effector of Notch signaling for radial glia formation. A–
stained by anti-vimentin antibody in GR-NICD-injected (A), GR-NICD/Oct1MO-i
embryos. E: RPratio between the injected and uninjected side of the hindbrain for e
experiment without DEX. F: model of Notch-mediated radial glia developmental camanually and fixed. Immunostaining was performed on
cryosections and the ratio of radial processes in the hindbrain
was determined as described above. Fig. 6A shows a typical
section at high magnification of Oct1-GR-injected hindbrain
with DEX treatment at stage 18. As shown in Fig. 6B,
overexpression of Oct1-GR increased the ratio of radial
processes between the injected and uninjected side of the
hindbrain when DEX was added prior to stage 18. The protein
levels of Oct1-GR at each stage in Fig. 6B were confirmed by
immunoblotting with anti-GR antibody (Fig. 6C). To test
whether Notch or Oct-1 affects radial glia formation shortly
after DEX treatment, GR-NICD or Oct1-GR was injected into
one dorsal-animal blastomere of 8-cell stage embryos and the
expression of vimentin was examined at stage 25 by whole-
mount in situ hybridization. Overexpression of GR-NICD or
Oct1-GR with DEX treatment at stage 18 increased the
expression of vimentin in the CNS (indicated by arrow heads
in Figs. 5H, I). Consistent with a potential role of mediating the
Notch-dependent regulation of radial glial formation, Oct1 was
sufficient when activated prior to stage 18 and had no effect
when activated at stage 20 (Fig. 6B).
In order to verify the requirement for Oct-1 in radial glia
formation, we performed loss-of-function studies using Mor-
pholino Oligonucleotides (MO), which binds to the translation
initiation site of directed transcripts and inhibits protein
translation leading to depletion of newly synthesized endogen-
ous protein (Heasman et al., 2000). We confirmed the ability of
MO against Xenopus Oct-1 (Oct1MO) to affect the level of
endogenous Oct-1 protein by immunoblotting with anti-Oct-1D: high magnification images of the injected and uninjected side of the hindbrain
njected (B) and dn-Notch/Oct1-GR-injected (C: without DEX, D: with DEX)
ach injection experiment. *Pb0.001 compared with the ratio of each injection
scade in Xenopus hindbrain. Oct-1I: Oct-1-independent pathway.
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of 4-cell stage embryos and embryo lysate was extracted at
stage 18. Oct1MO significantly reduced the level of endogen-
ous Oct-1 protein, while ConMO, which targets a human beta-
globin intron mutation and does not recognize Xenopus Oct-1
mRNA, had no effect on the level of Oct-1 protein (Fig. 6H).
Injection of Oct1MO but not ConMO into one dorsal-animal
blastomere of 8-cell stage embryos reduced the number of radial
processes in the injected side of the hindbrain at stage 42
(RPratio=0.69, Pb0.001) (Figs. 6D, D′, F, G). As a control for
specificity and timing of the effect, mutated Oct1-GR (Oct1-
GRΔATG), whose translation initiation site was deleted, was
co-injected with Oct1MO and DEX was added at stage 18. The
reduction of radial process number was rescued by co-injection
of Oct1-GRΔATG and the activation of Oct-1 was required at
stage 18 (Figs. 6E, G), suggesting that the reduction of radial
process was not caused by the loss of Oct1 at an early stage.
Together, these data indicate that the function of Oct-1 is
required for radial glia formation in Xenopus hindbrain during
the period of radial glial fate determination.
Notch signaling regulates radial glia formation through Oct-1
in Xenopus hindbrain
To test whether Oct-1 functions as a downstream effector of
Notch signaling for radial glia formation, we first co-injected
GR-NICD with Oct1MO or ConMO into one dorsal-animal
blastomere of 8-cell stage embryos. Brains of injected embryos
were isolated and fixed at tadpole stage (st. 42), and the number
of radial process was examined by immunostaining with anti-
vimentin antibody. The increase of the radial process ratio by
GR-NICD itself (RPratio=1.42, Pb0.001) was reduced to 1.0
(Pb0.001) by co-injection of Oct1MO but not ConMO (Figs.
7A, B, E). In contrast, the reduction of radial process number
was rescued by co-injection of dn-Notch with Oct1-GR (Figs.
7C, D, E) into one dorsal-animal blastomere of 8-cell stage
embryos with DEX treatment at stage 18. These results reveal
that Oct-1 regulates radial glia formation downstream of Notch
signaling.
Discussion
Radial glia have two critical roles in the developing central
nervous system (CNS): as scaffolding cells for neuronal
migration (Hatten and Mason, 1990; Rakic, 1972) and as
progenitor cells for neurons and glia cells (Anthony et al., 2004;
Malatesta et al., 2003, 2000; Merkle et al., 2004; Miyata et al.,
2001; Noctor et al., 2001, 2002; Tamaki et al., 2002). While
three signaling pathways, Notch, Neuregulin and FGF signal-
ing, have been identified as promoting signals for radial glia
development (Ever and Gaiano, 2005), we know little about the
mechanisms of radial glia development promoted by these
signaling pathways. Additional findings related to these
signaling pathways in radial glia formation will advance our
understanding of the mechanisms of CNS development.
Here we have shown that the function of Delta–Notch
signaling in radial glia formation is conserved between mammalsand the amphibian X. laevis. The activation of Notch signaling
prior to stage 18 increased the number of radial processes, a key
feature of radial glia cells, and promoted radial glia formation in
Xenopus hindbrain. In contrast, the inhibition of Notch signaling
by dominant-negative forms of the Delta ligand or the Notch
receptor decreased the number of radial processes in the
hindbrain. The function of Notch signaling in radial glia
formation is consistent with results obtained in the mammalian
system reported previously (Gaiano et al., 2000). These results
are the first in vivo demonstration that the activity of Notch is
sufficient for radial glia formation just prior to appearance of
radial glia cells.
CSL (C-promoter binding factor 1/Suppressor of Hairless/
Lag-1)-independent Notch signaling pathway has been reported
in both invertebrates and vertebrates (Arias, 2002). We have
demonstrated that the number of radial processes is not reduced
when a dominant-negative form of Su(H) is expressed although
the injection of an activated form of Su(H) increases the number
of radial processes. These data indicate that radial glia formation
is regulated by a Su(H)-dependent pathway and an alternative
intracellular pathway of Notch signal simultaneously. Since a
dominant-negative form of Su(H), which can interact with
NICD but not DNA, interferes with the interaction between
NICD and endogenous wild type of Su(H) (Wettstein et al.,
1997), Su(H) seems not to be involved in this alternative
pathway. This result is similar to previous studies with the same
type of dominant-negative form of CSL transcription factor,
which indicate the regulation of glia development by CSL-
independent Notch pathway. For instance, radial glia develop-
ment in the developing cerebrum (Dang et al., 2006; Schmid et
al., 2003), Bergmann glia differentiation in the postnatal
cerebellum (Eiraku et al., 2005; Patten et al., 2003) and
oligodendrocyte development (Hu et al., 2003) are regulated by
CSL-independent Notch signaling. However, the molecular
mechanism of CSL-independent Notch pathway has been
poorly understood. In addition, it has not been reported in
vivo that both CSL-dependent and -independent pathways
regulate radial glia development simultaneously as demon-
strated here. As previous studies have not tested both the
sufficiency and the requirement of CSL factors together, both
pathways may regulate the development of radial glia,
Bergmann glia and oligodendrocytes in those systems as well.
Recently the function of Deltex in CSL-independent path-
way has been suggested in Drosophila and mammalian studies.
Deltex1, a RING finger type E3 ubiquitin ligase, was first
characterized as a positive regulator of Notch signaling in
Drosophila (Xu and Artavanis-Tsakonas, 1990) and was later
found to also regulate Notch signaling in mammals (Matsuno et
al., 1998). In Drosophila, the CSL-independent activity of
Notch mediated by Deltex represses neural fate and is
antagonized by elements of the Wingless signaling cascade
such as Dishevelled or Armadillo to allow alternative cell fate
choices (Hayward et al., 2005; Ramain et al., 2001). Deltex also
activates a target enhancer of Notch signaling, the dorsoventral
compartment boundary enhancer of vestigial (vgBE) in Dro-
sophila, in a Su(H)-independent manner by protecting Notch
from being sorted to an endocytic degradation pathway (Hori et
590 T. Kiyota et al. / Developmental Biology 315 (2008) 579–592al., 2004). In the differentiation of mammalian neural progenitor
cells, Deltex1 physically interacted with the transcriptional
coactivator p300 and inhibited transcriptional activation by the
neural-specific transcription factor MASH1 in a CSL-indepen-
dent manner (Yamamoto et al., 2001). In contrast, two groups
reported that Deltex1 mediates CSL-independent Notch signal-
ing pathway in mammalian glia differentiation (Eiraku et al.,
2005; Patten et al., 2006). However, it still remains unsolved
how Deltex1 mediates CSL-independent pathway in radial glia
development (Patten et al., 2006). Since our results indicate that
both CSL-dependent and -independent Notch signaling path-
ways promote Xenopus radial glia formation, Deltex1 may also
mediate CSL-independent pathway in Xenopus radial glia
formation. In addition, as our results suggest that CSL-
independent pathway is activated by NICD (Fig. 4), we
speculate that an unknown DNA-binding transcription factor
(s), which associates with NICD, may be required for CSL-
independent pathway in radial glia development. The identifi-
cation of such factor(s) will contribute to understanding the role
of Deltex1 and the molecular mechanism of radial glia
development promoted by CSL-independent Notch signaling.
Oct-1 is a member of the family of structurally related POU
domain factors characterized by the presence of a POU specific
domain and a POU homeodomain and regulates multiple
biological processes (Herr et al., 1988). Studies have shown that
Oct-1 is expressed throughout mouse embryonic development
(Gray et al., 2004; Ryan and Rosenfeld, 1997) and Oct-1-
deficient mice are embryonic lethal (Wang et al., 2004). In
Xenopus, Oct-1 is expressed in ectodermal and mesodermal cell
lineages in the early developmental stages (Veenstra et al.,
1995) and overexpression of Oct-1 induces programmed cell
death concomitant with the loss of the posterior part of the body
axis (Veenstra et al., 1998). We report here that Oct-1 regulates
radial glia formation downstream of Notch signaling. The
sufficiency of Oct-1 activity coincided with the Notch activation
for radial glia formation and the loss of Oct-1 function inhibited
radial glia formation in Xenopus hindbrain. Another POU
domain factor, Oct-25, was previously shown as a direct target
of Notch during Xenopus embryogenesis (Ito et al., 2007) and
our microarray screen also identified Oct-25 as a downstream
target of Notch (Table 2). Importantly, when we overexpressed
Oct-25 in the hindbrain and examined radial glia formation, we
did not observe any effects, suggesting that the activity of Oct-1
in radial glia formation is specific or limited to a subset of POU
domain proteins (data not shown).
While Notch signaling promotes radial glia characteristics
and maintains progenitor state by the inhibition of differentia-
tion (Gaiano et al., 2000; Hatakeyama et al., 2004; Patten et al.,
2003; Yoon et al., 2004), it remains unsolved what role Oct-1
plays in radial glia formation downstream of Notch signaling.
So far it has not been reported that Oct-1 maintains progenitor
state by inhibition of differentiation, although Oct-1 has been
shown to be involved in neural development (Donner et al.,
2007; Schonemann et al., 1998). Indeed, we observed that the
expression of N-tubulin, a type II neuronal-specific tubulin gene
and a neuron marker (Hartenstein, 1989), was not increased by
the depletion of Oct-1 in the brain whereas the inhibition ofNotch signaling increased the expression of N-tubulin (Kato et
al., unpublished data). These observations indicate that Oct-1
may trigger radial glia differentiation downstream of Notch
signaling but not maintain progenitor state of radial glia cells.
To date, Notch signaling has been demonstrated to drive the
differentiation of other glial cell types including Schwann cells
(Morrison et al., 2000), Müller cells (Furukawa et al., 2000),
astrocytes (Tanigaki et al., 2001), and Bergmann glia (Eiraku et
al., 2005; Patten et al., 2003). Furthermore, Notch signaling
contributes to the maintenance of oligodendrocyte precursor
cells as well as oligodendrocyte maturation and myelination
(Hu et al., 2003). On the other hand, while it has been shown
that Oct-1 is expressed in Bergmann glia and Müller cells
(Lopez-Bayghen et al., 2006), the role of Oct-1 in the
differentiation of those cells has not been reported previously.
Further study will be needed to understand the role of Oct-1
downstream of Notch signaling during glia development.
We show here that Su(H) is sufficient but not required for the
Oct-1 expression in the Xenopus hindbrain. It is possible that
the Oct-1 gene expression is regulated by multiple transcrip-
tional mechanisms in radial glia formation downstream of
Notch signaling. In a similar fashion, previous studies showed
that the ErbB2 expression in cultured glia cells from postnatal
cerebellum was regulated by CSL-independent pathway (Patten
et al., 2003) and the expression of ErbB2 in radial glia cells of
the mouse embryonic cerebrum was regulated by CSL-
dependent pathway (Schmid et al., 2003). Although these
results were observed in two different cell types, the ErbB2 gene
expression also seems to be regulated by multiple transcrip-
tional mechanisms downstream of Notch signaling. In addition,
it remains unknown whether Oct-1 and ErbB2 are direct targets
of Notch signaling. Therefore, epigenetic analysis of Oct-1 and
ErbB2 expression such as the promoter analysis will answer this
question and could contribute to elucidating the molecular
mechanism of Notch-medicated radial glia developmental
cascade.
Altogether, our results reveal that Notch signaling promotes
Xenopus radial glia formation and that Oct-1 functions as a
downstream factor of Notch signaling for radial glia formation
(Fig. 7F). Interestingly, co-injection of Oct1MO with the
activated form of Notch could only reduce the ratio of radial
glia processes to the untreated level (Fig. 7E), indicating that
the amount of Oct1MO co-injection was insufficient to negate
the enhancement of Notch signaling or that another pathway(s)
downstream of Notch is also involved in radial glia formation.
Similar to this observation, the induction of the vimentin
expression by NICD (17.1) in animal pole tissue explants is
stronger than that by Oct-1 (3.6) (Table 2), suggesting that
another downstream target(s) of Notch signaling works with
Oct-1 during radial glia formation. The molecules and
mechanism of the signaling hierarchy of Notch-mediated
radial glia developmental cascade still remain incomplete.
Since this is the first report of the function of Oct-1
downstream of Notch signaling, analysis of the connections
among other downstream effectors in radial glia formation will
help our understanding of the molecular mechanism of radial
glia formation more fully.
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